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Stability issues have been a major concern for the realization of broadband tunability of the gyrotron
backward-wave oscillator gyro-BWO. Multimode, time-dependent simulations are employed to
examine the stability properties of the gyro-BWO. It is shown that the gyro-BWO is susceptible to
both nonstationary oscillations and axial mode competition in the course of frequency tuning.
Regions of nonstationary oscillations and axial mode competition are displayed in the form of
stability maps over wide-ranging parameter spaces. These maps serve as a guide for the
identification and optimization of stable windows for broadband tuning. Results indicate that a
shorter interaction length provides greater stability without efficiency degradation. These theoretical
predictions have been verified in a Ka-band gyro-BWO experiment using both short and long
interaction lengths. In the case of a short interaction length, continuous and smooth tunability, in
magnetic field and in beam voltage, was demonstrated with the high interaction efficiency reported
so far. A maximum 3-dB tuning range of 1.3 GHz with a peak power of 149 kW at 29.8% efficiency
was achieved. In a comparative experiment with a longer interaction length, the experimental data
are characterized by piecewise-stable tuning curves separated by regions of nonstationary
oscillations, as predicted by theory. © 2007 American Institute of Physics.
DOI: 10.1063/1.2755964
I. INTRODUCTION
The gyrotron backward-wave oscillator gyro-BWO is a
promising source of coherent millimeter-wave radiation,1–8
but its main feature, broadband tunability, is generally hin-
dered by various stability issues.9 As illustrated in the
−kz diagram of Fig. 1a, the electron cyclotron frequency
is adjusted for synchronous interaction with a backward
wave. Oscillations build up in an internal feedback loop
comprising the forward moving electron beam and the back-
ward propagating wave. By employing a nonresonant circuit,
the gyro-BWO features continuous frequency tunability by
either the beam voltage or magnetic field adjustment, as was
demonstrated early with low-energy electron beams1,2 and
more recently with moderate-energy9–14 and high-energy15–17
electron beams. This affords the gyro-BWO a unique capa-
bility among all versions of the gyrodevices. There are nu-
merous applications that require high power and broadband
tunability, such as electronic countermeasures, position-
selective plasma heating, spectroscopy, and drivers of ultra-
high power amplifiers. However, in most gyro-BWO experi-
ments, ragged10,11 or even discrete12,17 power outputs were
observed during the magnetic field and voltage tuning of the
frequency. This, in large measure, accounts for the gyro-
BWO’s relatively unexploited status.
The current study aims primarily at the stability issues
associated with magnetic field and voltage tuning of the
gyro-BWO. Though not yet thoroughly investigated, prob-
able causes for the erratic frequency tuning include single-
mode nonstationary behavior,18–21 competition from axial
modes,21–25 and reflections from the external circuit.26,27 Our
stability analysis will focus on the former two causes, which
are intrinsic in nature.
We begin with a discussion of recent theories that pro-
vide the underpinning physics for a roadmap to a stably tun-
able gyro-BWO. It has been shown19,20 that, as the beam
current Ib rises, the gyro-BWO oscillations turn nonstation-
ary and then become stationary again before transitioning
into another nonstationary state, thus forming nonstationary
zones in the Ib space. A subsequent study22 shows that the
nonstationary threshold current increases sharply as the in-
teraction length shortens. On the other hand, an earlier
theory28 predicts that, when the interaction length exceeds
half of a guide wavelength, the bulk of the rf field contracts
nonlinearly to the same length, thus yielding an efficiency
independent of the interaction length. These studies together
suggest a shorter interaction as an effective remedy for non-
stationary oscillations at no expense to the interaction
efficiency.
However, there remains the issue of axial mode compe-
tition. Here we address this issue in the context of the prac-
tical configuration of a tapered interaction structure. In such
a structure, less abrupt electron bunching at the upstream end
leads to a more tightly bunched electron beam and conse-
quently yields an interaction efficiency more than twice that
obtained in a uniform structure.29 A higher-order axial mode,
with a higher frequency, penetrates deeper into a weakly
down-tapered waveguide. This lowers the Ist value. On the
other hand, a higher-order axial mode also has a larger transit
angle,21 which weakens the interaction strength and raises
the Ist value. These two competing trends result in the cross-aElectronic mail: thschang@phys.nthu.edu.tw
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ing of the Ist values of two axial modes as the magnetic field
is varied. Thus, axial mode competition might occur at a
certain point during the magnetic field or beam voltage tun-
ing. The dynamics of axial mode competition has been elu-
cidated in recent studies.24,25 It is shown that the distinctive
asymmetry of the gyro-BWO axial field profile,22 rather than
the start-oscillation current, determines the competitiveness
of a specific mode. Hence, following a brief stage of mode
competition usually during the beam rise time, stationary
oscillations of a single mode with the most favorable field
profile persist over the remaining beam pulse. This, as will
be demonstrated later, allows the dominance of a lower-order
axial mode over a broader bandwidth than suggested by its Ist
profile relative to that of a higher-order axial mode.
In Sec. II, we describe the gyro-BWO configuration un-
der study and methods of its modeling. In Sec. III, we
present a comprehensive stability analysis and display the
results in the form of stability maps. On the basis of these
maps, both stable and unstable configurations have been
tested. The results, presented in Sec. IV, are found to be in
good agreement with theoretical predictions. This is followed
by a brief conclusion in Sec. V.
II. CONFIGURATION AND NUMERICAL MODELING
A schematic of the Ka-band gyro-BWO optimized for
efficiency is shown in Fig. 1b. The interaction structure for
both theoretical and experimental studies consists of a uni-
form middle section of radius rw=0.267 cm, connected at
each end by a 4-cm tapered section to a short uniform section
0.7 cm in length and 0.325 cm in radius. The length L0 of
the uniform section is chosen to be either 3 or 9 cm for the
present study. The tapered sections model the output cou-
pling structures used in the experiment for broadband match-
ing and diagnostics purposes to be discussed in Sec. IV.
The upstream taper provides the additional benefit of effi-
ciency enhancement, while the downstream taper plays an
insignificant role in the beam-wave interaction because the rf
fields in gyro-BWO interactions concentrate heavily at the
upstream end. The upstream taper is placed in an uptapered
magnetic field, Bzz, of the superconducting magnet, while
the remaining sections are in a uniform magnetic field B0,
dashed curve. The slightly uptapered magnetic field has
been experimentally employed principally for the purpose of
stabilizing the oscillations in the coupler section. It also has
the effect of slightly increasing the efficiency. However, it
bears little significance to the overall stability consideration
of this study.
For a systematic investigation of the stability issues, a
time-dependent code24 has been employed in conjunction
with a stationary code.30 The time-dependent code allows the
excitation of multiple axial modes. The stationary code
yields an equilibrium solution for a single mode regardless of
its stability. It complements the time-dependent code by pro-
viding useful information on individual mode properties in
particular, the start-oscillation current. The transverse field
profiles of the TE11 waveguide mode and the outgoing-wave
boundary condition are assumed for both codes. The gyro-
BWO is relatively insensitive to the velocity spread, so a
cold electron beam vz /vz=0 is assumed for the simula-
tions. Weak reflections due to structure nonuniformity are
accounted for in the self-consistent field evaluations.
The electron beam, according to magnetron injection
gun simulations, has an  =v /vz value that depends on
the magnetic field B0 and the beam voltage Vb. The simu-
lated  profile in the B0−Vb space, interpolated between data
points, is shown in Fig. 2 and will be used for the simulation
FIG. 1. a Operating point of the gyro-BWO in the −kz diagram. e, vz,
and c are, respectively, the nonrelativistic cyclotron frequency, the axial
velocity of the electrons, and the cutoff frequency of the waveguide. The
operating point can be varied through magnetic field and beam voltage
adjustments. b Profiles of the interaction structure absolute scale and the
magnetic field normalized to the uniform field B0.
FIG. 2. Simulated  value vs the magnetic field B0 and beam voltage Vb.
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of beam-wave interactions over a broad B0 and Vb tuning
range. Simulation results are insensitive to the variations of
the electron guiding center position rc within the tuning
range. Hence, the average value of rc=0.35rw is assumed for
all cases. Table I summarizes the parameters used in the
simulation study.
III. STABILITY ANALYSIS AND IMPLICATIONS
ON BROADBAND TUNING
A. Stability maps
Continuous frequency tunability of gyro-BWO can in
principle be achieved by either varying the magnetic field or
the beam voltage. However, stable tuning ranges can be se-
verely confined by the nonstationary behavior and mode
competition. Here, we employ the time-dependent code to
characterize the stability properties with respect to nonsta-
tionary oscillations in the Ib-B0 and Ib-Vb parameter spaces.
Figures 3a and 3b display stability maps in the Ib-B0
space for a fixed beam voltage Vb=100 kV and two differ-
ent lengths for L0 3 and 9 cm. Figures 4a and 4b plot
similar maps in the Ib-Vb space for a fixed magnetic field
B0=14 kG. Superposed on these maps are the Ist of the first
three axial modes obtained with the single-mode, steady-
state code. Figures 3 and 4 show excellent agreement be-
tween the lowest Ist obtained by both codes. However, there
is no correlation between the onset current of the nonstation-
ary state and the Ist of the next axial mode. As expected, Ist
decreases sharply with an increase in interaction length. For
example, for the second axial mode at Vb=100 kV and B0
=14.0 kG, the Ist values equal 2.19 and 0.24 A for L0=3 and
9 cm, respectively. Even for the same interaction length, the
Ist can vary by more than one order of magnitude over a 20%
variation of the magnetic field, while the threshold currents
for nonstationary oscillations can be either slightly or far
above the oscillation thresholds over the same range. At a
fixed beam current, this can easily lead to nonstationary os-
cillations in the course of magnetic field tuning.
The appearance of multiple zones of nonstationary states
has been previously reported20–22 and explained in theory.20
However, no direct experimental evidences were reported so
far. In the interest of avoiding nonstationary oscillations, we
focus our attention to identify wide “windows” in these pa-
rameter spaces for maximum range of stable tuning. From
Figs. 3 and 4, we note that voltage tuning is generally more
stable than magnetic field tuning, whereas both types of tun-
ing are more stable with a shorter interaction length. At our
intended operating beam current of 5 A, L0=3 cm appears to
be a better choice than L0=9 cm. At this length, the operat-
ing beam current is not too far above the lowest Ist, which
results in greater stability over a broader tuning range, in
particular, with respect to the magnetic field. Furthermore, as
noted earlier, a shorter interaction length yields the highest
efficiency as long as it exceeds approximately half a guide
wavelength.
B. Mechanism of axial mode competition
A noticeable feature shown in Figs. 3a and 4a is the
crossing of the Ist curves for different axial modes. As dis-
cussed in Sec. I, this is due to the interplay of two competing
factors; a higher-order mode has a deeper penetration depth
but weaker interaction strength, while the opposite holds for
a lower-order mode.
The existence of multiple axial modes suggests the pos-
sibility of axial mode competition. Figure 5 displays typical
saturated field profiles of the first three axial modes obtained
with the single-mode, stationary code at B0=13.8 kG. The
TABLE I. Simulation parameters of the gyro-BWO.
Operating mode TE11
Cyclotron harmonic Fundamental
L0 3 cm and 9 cm
rw 0.267 cm
Cutoff frequency at rw 32.92 GHz
Beam current Ib 0–20 A
Beam voltage Vb 60–110 kV
Magnetic field B0 13–16 kG
Guiding center position rc 0.35rw
Velocity ratio =v /vz See Fig. 2
Velocity spread vz /vz 0%
FIG. 3. Color online Simulated stability map in the Ib-B0 space for a
L0=3 cm and b L0=9 cm. Vb=100 kV,  values are plotted in Fig. 2, and
other parameters are shown in Table I.
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field profile is determined by the strength of the internal
feedback. Thus it is changing with the beam current. At the
onset stage, each axial mode has its distinct field profile,22
but when operating at high beam current, the bulk field al-
ways maintains the same shape.28 The profiles in Fig. 5 are
obtained at the beam currents of 12, 9, and 4 A for the first
three axial modes, respectively.
The profiles are characterized by a distinctive asymme-
try for each axial mode, with the lower-order mode peaking
closer to the beam entrance. Recent particle simulations24 of
the gyro-BWO have revealed a consistent pattern of mode
competition, namely, the competitiveness of an axial mode is
determined by the proximity of its peak field to the beam
entrance. Thus, mode competition if present only occurs
over a brief stage during the rise time.25 The final state is
characterized by the stationary oscillation of a single mode
with the most competitive field profile. This is demonstrated
in Fig. 6, which shows the eventually dominant mode as a
function of the beam current. Parameters used in the simula-
tion correspond to those in Fig. 3a at B0=13.8 kG. The
start-oscillation currents for the l=1, 2, and 3 modes are,
respectively, 6.84, 4.05, and 1.39 A. As the beam current is
raised to 1.39 A, the l=3 mode with the lowest Ist first ap-
pears. The dominant mode then switches over to the l=2
mode as the beam current reaches 5 A 1.23 times the Ist of
the l=2 mode. As the beam current is increased further to
10 A 1.46 times the Ist of the l=1 mode, the l=1 mode
becomes dominant. This is a scenario that is expected to
result in stable tuning in spite of the possibilities of axial
mode competition suggested by Figs. 3 and 4. It is also fully
consistent with the experimental observations presented
below.
IV. AN EXPERIMENTAL GYRO-BWO WITH SMOOTH
TUNING AND HIGH EFFICIENCY
A. Experimental setup
Figure 7a shows a photo of our Ka-band gyro-BWO
detached from the superconducting magnet. The electron
beam is generated by the magnetron injection gun MIG on
the left. The electron pitch angle  can be slightly varied
through a set of trim coils located at the MIG. Figure 7b
shows a close-up view of the gyro-BWO circuit mounted to
the right of the MIG following a drift section. At each end of
the circuit is a dual-port mode converter31,32 in which the
circularly polarized TE11 wave generated in the interaction
FIG. 4. Color online Simulated stability map in the Ib-Vb space for a
L0=3 cm and b L0=9 cm. B0=14.0 kG and other parameters are shown in
Table I.
FIG. 5. Color online Simulated saturated field profile for the first three
axial modes. L0=3 cm, B0=13.8 kG, Vb=100 kV, and other parameters are
shown in Table I.
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section is first converted into a linearly polarized wave and
then coupled out in the TE10 mode of one of the rectangular
output ports. High isolation 25 dB between the two out-
put ports allows very low levels of non-TE11 waves, if gen-
erated, to be detected from the other output port. The cou-
plers are designed for good matching in the vicinity of the
cutoff frequency where the interaction efficiency maximizes.
Better than −0.5 dB coupling over a 8% bandwidth has
eliminated the possibility of reflective oscillations over the
entire tuning range of the gyro-BWO up to our maximum
operating current of 5 A. The output power is measured with
a calibrated crystal detector with an estimated accuracy of
±5% and verified with a calorimeter agreement is within
5%.
B. Demonstration of smooth tuning
with high efficiency
Coupler oscillations have limited our maximum operat-
ing current to 5 A. At this current, Figs. 3a and 4a show
a stable window for magnetic field and voltage tuning, re-
spectively, by operating in the l=2 mode with L0=3 cm. At
5 A, the beam current is below the Ist of the l=1 mode and
above the Ist of the l=2 and 3 modes. However, the simula-
tion Fig. 6 predicts that the l=2 mode with its more favor-
able field profile will be the dominant hence operating
mode. This has been verified in the experiment described
below in Figs. 8 and 9, which operated stably in the l=2
FIG. 6. Color online Eventually dominant mode of operation vs the beam
current obtained with a time-dependent code. L0=3 cm, B0=13.8 kG, Vb
=100 kV, and other parameters are shown in Table I.
FIG. 7. Photos of the Ka-band gyro-BWO. a The whole tube detached
from the superconducting magnet; b a close-up view of the interaction
circuit. There are four ports shown in the figure. Except for a single output
port, the other three ports are terminated in well matched loads.
FIG. 8. Color online Interaction efficiency a and oscillation frequency
b vs the magnetic field. Calculated and measured data are shown in solid
lines and dots, respectively. Vb=100 kV, Ib=5 A, L0=3 cm, and other pa-
rameters are shown in Table I.
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mode throughout the magnetic field and voltage tuning
ranges.
Figure 8 shows the calculated lines and measured
dots efficiency and frequency for the magnetic field tuning
at Vb=100 kV, Ib=5 A, and L0=3 cm. A smooth 3-dB tun-
ing range of 1.3 GHz was measured with a maximum effi-
ciency of 29.8% at B0=14 kG, corresponding to a peak out-
put power of 149 kW. The interaction efficiency of 29.8% is
the highest achieved to date for the gyro-BWO, which can be
attributed principally to the down-tapered wall structure29,33
at the upstream end Fig. 1 and in part to the slightly up-
tapered magnetic field9,15,33–35 in the same section. The cal-
culated and measured data are also stationary in the tuning
range shown in Fig. 8. Apart from the discrepancy at the
high-field, low-efficiency end where the velocity spread sig-
nificantly degrades the efficiency, the measured results are in
good agreement with the cold-beam theory.
Figure 9 shows the oscillation efficiency and frequency
versus the beam voltage at B0=14 kG, Ib=5 A, and L0
=3 cm. The data points are represented in the same manner
as in Fig. 8. The maximum operating beam voltage Vb was
limited by the upstream coupler oscillation. The voltage tun-
ing experiment produced the same maximum power at
100 kV as in the case of magnetic field tuning, but with a
reduced 3-dB tuning range of 0.8 GHz. The calculated and
measured data, all found to be stationary in the tuning range
shown in Fig. 9, are again in general agreement except for
the discrepancy at the low-voltage and low-efficiency end.
The disagreement can be attributed to the increased velocity
spread due to the large departure of the beam voltage from
its design value of 100 kV.
C. Verification of nonstationary tuning with a longer
interaction length
To verify the nonstationary tuning that is more likely to
occur for a longer interaction length according to the stability
maps of Figs. 3b and 4b, we replaced the L0=3 cm sec-
tion in the above experiment with a section three times
longer L0=9 cm and lowered the operating current to
1.5 A, a value still above the Ist for the first two axial modes.
Single-mode l=1 operation, as predicted in Fig. 6, and
nonstationary oscillation, as predicted in Figs. 3b and 4b,
have both been observed in the experiment.
FIG. 9. Color online Interaction efficiency a and oscillation frequency
b vs the beam voltage. Calculated and measured data are shown in solid
lines and dots, respectively. B0=14.0 kG, Ib=5 A, L0=3 cm, and other pa-
rameters are shown in Table I.
FIG. 10. Simulated interaction efficiency a, simulated
oscillation frequency b, measured interaction effi-
ciency c, and measured oscillation frequency d vs
the magnetic field. The open triangles and circles rep-
resent nonstationary oscillations. The solid triangles
and dots represent stationary oscillations. Vb=100 kV,
Ib=1.5 A, L0=9 cm, and other parameters are shown in
Table I.
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Figure 10 shows the calculated a and b and mea-
sured c and d results of the magnetic-field tuning at
Vb=100 kV, Ib=1.5 A, and L0=9 cm. The open triangles
and circles denote nonstationary oscillations and the solid
triangles and dots denote stationary oscillations. For nonsta-
tionary oscillations, only the average output efficiency is
shown in the figure. Frequency spectra of the nonstationary
oscillations are characterized by a dominant peak and side
bands,19 which are indicative of single-mode nonstationary
behavior. Theory and experiment both show the dominance
of the l=1 mode and the same trend in terms of its nonsta-
tionary behavior. However, there are regions of disagree-
ment, which appear to fall on stability boundaries. In addi-
tion, the measured efficiencies at the low magnetic field end
fall short of theoretical predictions.
Figure 11 shows the interaction efficiency and oscillation
frequency versus the beam voltage at B0=14 kG, Ib=1.5 A,
and L0=9 cm. The data points are represented in the same
manner as in Fig. 10. Here, the calculated and measured
nonstationary ranges are in much better agreement than the
case of magnetic field tuning, but again there is significant
disagreement on the efficiency at the high voltage end.
By comparison with the stationary cases discussed in
Sec. IV B, the nonstationary cases discussed above have in-
dicated a greater difficulty to obtain a good match between
the theory and the experiment. The calculated and measured
data are nevertheless in good qualitative agreement in the
sense that simulation results fairly predict the bulk ranges of
stationary and nonstationary oscillations.
V. CONCLUSIONS
We have shown that the realization of smooth and stable
tunability for the gyro-BWO involves a number of rather
intricate physics issues. As illustrated for the high-efficiency
configuration of a tapered interaction structure, the start-
oscillation currents and the threshold currents for nonstation-
ary oscillations both vary widely with the magnetic field. In
addition, as the frequency is tuned, the start-oscillation cur-
rents of different axial modes may readily cross over as the
magnetic field or the beam voltage is varied. All these factors
can result in nonstationary oscillations or axial mode compe-
tition in the course of frequency tuning. This explains in
large measure the erratic tuning behavior found in most
experiments.
In the first part of the current study, such stability issues
have been theoretically analyzed and clearly exhibited in the
form of stability maps. On the basis of the stability analysis,
a shorter interaction length is prescribed for stable tuning
over a broader range. In the second part, we have verified the
theoretical predictions in a Ka-band experiment and demon-
strated a much higher efficiency capability 29.8% at
149 kW output power for the gyro-BWO than previously
reported. But the stable tuning range 4%  is moderate
compared with recent gyro-BWO experiments,12,13 which
employed a helical corrugated waveguide and achieved a
3-dB bandwidth of 17% at the X-band, while operating at
lower power 62 kW and efficiency 16.5%. This implies a
tradeoff between the bandwidth and efficiency can be exer-
cised in accordance with the specific application need. The
currently achieved performance is by no means the absolute
optimum for a gyro-BWO. In particular, there is room for
bandwidth improvement. In view of the inherent difficulties
in gyro-BWO tuning, further research on the various physics
issues is warranted. A detailed analysis is underway to exam-
ine the stability properties of a gyro-BWO with optimized
magnetic field and wall tapering in the hope of achieving a
much broader bandwidth.
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